The proapoptotic B-cell lymphoma-2 family protein Bax is a key regulatory point in the intrinsic apoptotic pathway. However, the factors controlling the process of Bax activation and translocation to mitochondria have yet to be fully identified and characterized. We performed affinity chromatography using peptides corresponding to the mitochondrial-targeting region of Bax, which is normally sequestered within the inactive structure. The molecular chaperone nucleophosmin was identified as a novel Bax-binding protein by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. Reciprocal co-immunoprecipitation and proximity assays confirmed the Bax-nucleophosmin protein-protein interaction and verified that nucleophosmin only bound to activated conformationally altered Bax. Confocal microscopy in a cell-based apoptosis model, demonstrated that nucleophosmin translocation from nucleolus to cytosol preceded Bax movement. Specific knockdown of nucleophosmin expression using RNAi attenuated apoptosis as measured by mitochondrial cytochrome c release and activation of the caspase cascade. In a mouse model of ischaemic stroke, subcellular fractionation studies verified that nucleophosmin translocation occurred within 3 h, at a time before Bax translocation but after Bax conformational changes have occurred. Thus, we have elucidated a novel molecular mechanism whereby Bax becomes activated and translocates to the mitochondria to orchestrate mitochondrial dysfunction and apoptotic cell death, which opens new avenues for therapeutic intervention.
Introduction
The balance of pro-and anti-apoptotic members of the Bcell lymphoma (Bcl)-2 family of proteins is a key determinant of cell survival and is essential for normal development and organ homeostasis. Disturbances to this balance have been implicated in the pathogenesis of numerous disease states, including cancer, autoimmune diseases, stroke and a variety of neurodegenerative disorders (reviewed by Akhtar et al., 2004) . Bax, the first proapoptotic member of the Bcl-2 family to be identified, is essential for neuronal apoptotic cell death (White et al., 1998; Chiesa et al., 2005) . Bax exists as a monomeric cytosolic protein in normal, healthy cells (Nechushtan et al., 1999) , but following exposure to a proapoptotic stimulus, Bax undergoes a conformational change and translocates to the mitochondria where (inter alia) it can induce the release of cytochrome c, resulting in the activation of caspases (Wolter et al., 1997; Narita et al., 1998) . Nuclear magnetic resonance spectroscopy indicates that cytosolic Bax consists of nine a helices (ha1-a9) (Suzuki et al., 2000) . The last 21 amino acids of Bax at the C terminus (Thr172-Gly192), which form most of helix a9, are essential for the targeting of Bax to the mitochondria as deletion of this hydrophobic sequence abrogates the ability of Bax to insert into the mitochondria during apoptosis (Wolter et al., 1997) . Substituting the serine residue at position 184 with a valine (Bax S184V) or deleting the serine altogether (Bax DS184) results in constitutive mitochondrial localization of Bax (Nechushtan et al., 1999; Suzuki et al., 2000) . Furthermore, fusion of the 20/21-amino-acid C-terminal sequence of Bax DS184 or S184V to the reporter gene green fluorescent protein (GFP) is sufficient to constitutively target GFP to mitochondria, whereas fusion proteins containing the wildtype (WT) C-terminal peptide do not translocate to mitochondria (Nechushtan et al., 1999) , suggesting that the mutant peptide somehow mimics the active conformation of Bax. The present studies have employed WT and S184V mutant Bax C-terminal peptides to identify factors that may regulate Bax activation and translocation to the mitochondria and thus control apoptotic cell death. We identify nucleophosmin as a novel Bax C-terminal-binding protein by affinity chromatography and demonstrate that it regulates Bax-mediated cell death in vitro (following staurosporine treatment) and in vivo (following transient focal cerebral ischaemia).
Results

Identification of nucleophosmin as a Bax-binding molecule
Peptides corresponding to the C-terminal sequence of WT and S184V mutant Bax were used to pull out proteins, which regulate the translocation of Bax from whole-cell lysates of a human neuroblastoma cell line (SH-SY5Y cells). Bound proteins were analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and identified by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry ( Figure 1a ). Three proteins that bound to both peptides were identified as heat shock protein 90 (HSP90), HSP60 and b-actin. A further two proteins bound only to the S184V mutant peptide and one of these was identified as nucleophosmin. Successive attempts failed to identify the other lowabundance protein, which had a molecular mass of approximately 26 kDa. The interaction between Bax and nucleophosmin was confirmed by co-immunoprecipitiation of endogenous proteins from SH-SY5Y cell lysates (Figure 1b and c) and using in vitro expressed recombinant proteins (Figure 1d ). Binding of the mutant Bax peptide to nucleophosmin was also demonstrated using an amplified luminescence proximity assay (Figure 2a and b) . Moreover, this protein-protein interaction was competitively inhibited by an antibody directed against the C terminus of Bax but not by one raised against the N terminus of Bax (Figure 2c ). This technology was also used to investigate the interaction between nucleophosmin and full-length Bax. No binding was observed unless the conformation of Bax was altered by including the non-ionic detergent Nonidet P-40 (NP-40, 0.1%) in the reaction buffer (Figure 2d ).
Knockdown of nucleophosmin expression attenuates apoptosis
Staurosporine is a broad-spectrum protein kinase inhibitor that induces apoptosis via the intrinsic mitochondrial pathway. Staurosporine treatment of SH-SY5Y cells causes activation of Bax and translocation of this proapoptotic molecule to mitochondria with subsequent release of cytochrome c, cleavage of procasapse-3 and ultimately cell death. Therefore, the role of nucleophosmin in Bax-mediated apoptotic cell death was evaluated using this model of apoptosis. Nucleophosmin expression levels did not change over the 5 h time course of staurosporine treatment (Figure 3a) , whereas cytochrome c was progressively released from mitochondria into the cytosol (Figure 3b ) and levels of cleaved caspase-3 steadily increased (Figure 3c ). Confocal microscopy revealed that Bax is primarily cytosolic in control SH-SY5Y cells and following 2 h exposure to staurosporine. However by 4 h, Bax translocation to the mitochondria was evident (Figure 4 ). In contrast, nucleophosmin was detected principally in the nucleolus of control cells, but had a more widespread distribution throughout the cytoplasm of apoptotic cells at 2 and 4 h of staurosporine treatment (Figure 4 ). To establish whether nucleophosmin is involved in Bax-mediated apoptosis, nucleophosmin expression was knocked down in SH-SY5Y cells using short hairpin RNA (shRNA) (Figure 5a ) and apoptosis induced using staurosporine. A specific reduction in nucleophosmin protein levels of B50% was associated with concomitant reductions of B50% in cytochrome c released and caspase-3 cleaved (Figure 5b and c).
Roles of Bax and nucleophosmin in ischaemic cell death Mice were subjected to transient occlusion of the middle cerebral artery (MCA) for 30 min and brains processed for histological analysis at 3, 6, 12 and 24 h. Thionin staining confirmed the classical MCA territory lesion encompassing cortex and striatum at 6, 12 and 24 h (Figure 6a ). No lesion was evident at 3 h, in shamoperated animals or hemispheres contralateral to occlusion of the MCA. Activated Bax was immunoprecipitated from the ipsilateral cortex and striatum 3 h after the onset of the ischaemic insult (Figure 6b) . A small amount of activated Bax was also evident in contralateral samples, but no active Bax was seen in the cerebellum or samples from sham-operated animals. Alterations in the subcellular localizations of Bax and nucleophosmin following focal cerebral ischaemia were analysed using enriched nuclear, mitochondrial and cytosolic fractions prepared from samples of ischaemic cortex (3 h after the onset of ischaemia) and the corresponding cortical area of sham-operated mice (n ¼ 6/group). The relative subcellular distribution of Bax was unchanged following the ischaemic challenge (Figure 6c ), whereas nucleophosmin expression was reduced in the nuclear-enriched fraction and increased in the mitochondrial and cytosolic fractions in the ischaemic group (Figure 6d ). 
Discussion
Although there is some consensus regarding the method of Bax activation during apoptosis (whereby Bax undergoes a conformational change and subsequently translocates to mitochondria), the factors controlling this process have yet to be fully identified and characterized. Controversy in the literature also exists about which specific region of Bax is pivotal to its apoptosis-inducing function with data from some researchers, suggesting that the N terminus contains the mitochondrial targeting sequence (Tremblais et al., 1999; Cartron et al., 2003) , whereas others argue that this activity resides in the sequence located at the C terminus (Wolter et al., 1997; Nechushtan et al., 1999; Schinzel et al., 2004) . Nonetheless, all published data agree that using the native 21 amino-acid C terminus of Bax alone never results in mitochondrial translocation, whereas the same construct with the serine (corresponding to position 184 in full-length Bax) mutated to a valine (S184V) is constitutively targeted to mitochondria (Nechushtan et al., 1999 ; Mar Martinez-Senac et al.,
2001
; Cartron et al., 2003; Schinzel et al., 2004) . Therefore, to identify proteins that may be involved in regulating the translocation of Bax, we used a Bax Cterminal S184V mutant peptide, which artificially mimics the correct conformation for targeting Bax to the mitochondria and the WT Bax sequence as control. HSP90, HSP60 and b-actin bound to both peptides. We have also demonstrated the binding of Bax to HSP60 and b-actin by co-immunoprecipitation and proteomic analysis; however, the interaction with HSP90 could not be confirmed (MacDonald et al., submitted) . In the present studies, HSP60 and b-actin bound to the Bax C-terminal peptides regardless of their ability to target to the mitochondria suggesting that these proteins are not involved in the translocation process per se, but may serve to help retain Bax in the cytosol. Studies on cardiac myocytes support this theory at least for HSP60, as cytosolic HSP60 translocation to the plasma membrane following hypoxia or ATP depletion coincides with the release of cytochrome c from mitochondria and knockdown of HSP60 expression precipitates apoptosis (Kirchhoff et al., 2002) . His-tagged NPM was attached to the acceptor beads (A) via a NPM monoclonal antibody (Sigma). The donor bead is excited by a laser beam (680 nm) and produces singlet oxygen. If the two proteins interact, the acceptor beads are brought into close proximity to the excited donor bead and the singlet oxygen released upon laser excitation sets off a chemical cascade in the acceptor bead resulting in the emission of light at 520-620 nm. This emitted light is a measure of the binding between the two proteins of interest. In experiments to study the interaction between the whole proteins, the C-terminal Bax peptide was replaced by biotinylated full-length Bax. (b) Binding curve for the interaction between S184V Bax C-terminal peptide and NPM demonstrating increased signal at higher concentrations of the proteins indicative of binding. The characteristic hook seen at the maximum protein concentrations is due to nonspecific quenching of the signal. Negative control reactions containing only one protein are indicated Bax and NPM. Error bars represent s.e.m.; n ¼ 3. (c) S184V Bax C-terminal peptide-NPM binding was inhibited by an antibody raised against the Bax C terminus () but not by one targeted to the N terminus (n). Data are expressed as percentage of control (Bax peptide-NPM binding). (d) Binding between NPM and full-length Bax protein was observed only when NP-40 was included in the reaction buffer (BaxNPM NP-40), whereas no interaction was detectable in buffer containing CHAPS (BaxNPM CHAPS) or using each protein individually (Bax, NPM). Error bars represent s.e.m.; n ¼ 3.
In addition to identifying HSP60 and b-actin as Bax retention factors, we have crucially demonstrated that nucleophosmin is a novel activated Bax-binding protein.
Nucleophosmin is a multifunctional nucleolar phosphoprotein, which has been shown to have nucleic acid binding, ribonuclease and molecular chaperone activities (Hingorani et al., 2000) . The observations that nucleophosmin only bound to the mutant C-terminal peptide and only bound to the full-length protein after conformational change was induced by detergent treatment would be consistent with a role in the translocation process. Such a role is not unprecedented, as nucleophosmin has previously been shown to regulate the movement of proteins containing nuclear localization sequences such as retinoblastoma protein (Takemura et al., 2002) and the HIV Tat protein (Li, 1997) , although in each case nucleophosmin has been implicated in the translocation of protein into the nucleolus. However, nucleophosmin has been reported to shuttle constantly between the nucleus and cytoplasm (Borer et al., 1989) and translocation of nucleophosmin (although only to the nucleoplasm) in response to a number of apoptosis-inducing drugs (such as daunomycin, actinomycin D, camptothecin and toyocamycin) has been demonstrated (Chan et al., 1999) . There is also evidence that treatment of HeLa cells with staurosporine resulted in the dephosphorylation of nucleophosmin and its translocation to the cytosol (Lu et al., 1996) . The interaction between Bax and nucleophosmin was confirmed by reciprocal co-immunoprecipitation studies and proximity assays. Further evidence for a role for nucleophosmin in regulating Bax translocation comes from studies detailing the localization of the proteins within the cell. Under normal conditions, nucleophosmin and Bax are physically separate as they are primarily located in different compartments within the cell: nucleophosmin within the nucleolus and Bax in the cytoplasm. However, following an apoptotic stimulus, nucleophosmin accumulated within the cytoplasm before Bax translocation to the mitochondria. Subcellular fractionation analysis of ischaemic cortex from mice confirmed our in vitro observations. Unfortunately, dual-labelling studies proved to be unfeasible as the respective antibody fixation procedures were mutually incompatible.
A number of other Bax-binding proteins have recently been identified including Ku70 (Sawada et al., 2003) , humanin (Guo et al., 2003) , apoptosis repressor with caspase recruitment domain (ARC; Gustafsson et al., 2004) and several 14-3-3 isoforms (Nomura et al., 2003) . These proteins have been proposed as putative Bax regulators as knockdown studies sensitize cells to death stimuli, thus suggesting that they function as cytosolic Bax-retention factors (Guo et al., 2003; Nomura et al., 2003; Sawada et al., 2003; Nam et al., 2004) . In contrast to the aforementioned retention factors, knockdown of nucleophosmin expression resulted in attenuation of staurosporine-induced apoptosis. Similar roles for regulating Bax have been suggested for the apoptosisassociated speck-like protein (ASC; Ohtsuka et al., 2004) , Bax-interacting factor-1 (Bif-1; Cuddeback et al., 2001 ) and the modulator of apoptosis protein via the tumour suppressor RASSF1A (Baksh et al., 2005) . Knockdown of ASC expression reduced the apoptotic response to the tumour suppressor p53 or a genotoxic insult (etoposide; Ohtsuka et al., 2004) and knockdown of Bif-1 expression abrogated apoptosis induced by various intrinsic death signals (Takahashi et al., 2005) . Interestingly, knockdown of RASSF1A resulted in reduced apoptotic response to death receptor activation (e.g. by tumour necrosis factor-a), but not intrinsic apoptotic stimuli such as staurosporine or etoposide (Baksh et al., 2005) . Taken together, these data suggest that different factors/proteins may positively or negatively regulate the activation and translocation of Bax depending on the apoptotic stimulus and intracellular pathway utilized. Although knockdown of nucleophosmin expression in our hands attenuated staurosporineinduced apoptosis, others have reported that this potentiates apoptosis induced by hypoxia (Li et al., 2004) or NGF deprivation (Ahn et al., 2005) . Whether these conflicting data reflect the different apoptotic stimuli or are due to another reason is not currently clear. However, similar data exist for clusterin, a recently identified activated Bax-binding protein, which appears to both inhibit and promote (Gleave and Jansen, 2003) cell death. In addition, recent data have suggested that calpain proteases both prevent and promote cell death in response to different stimuli (Tan et al., 2006) . Nucleophosmin has also been shown to interact directly with and be a crucial regulator of the tumour suppressor p53 (Colombo et al., 2002) . Although conflicting data have also been reported for the role of nucleophosmin in regulating p53-mediated cell death following ultraviolet radiation where both knockdown (Colombo et al., 2002; Kurki et al., 2004) and overexpression (Maiguel et al., 2004; Li et al., 2005) of nucleophosmin are protective, recent data suggest that nucleophosmin is a critical molecule in the regulation of p53, which sets a threshold for p53 activation (Maiguel et al., 2004) .
Caution should be taken when interpreting data obtained using immortalized cell lines such as the SH-SY5Y cells used in this study, as data produced in vitro are not always replicated in vivo. For example, in vitro experiments suggested that C-terminal modifications of the tumour suppressor protein, p53 were critical for its regulation, although these data were not replicated in vivo (Krummel et al., 2005) . We therefore examined the role of nucleophosmin in vivo using a mouse model of stroke. Previous data from our laboratory (Kerr et al., 2004b) and many others (Matsushita et al., 1998; Cao et al., 2001 ) have demonstrated Bax involvement in the apoptotic cell death that occurs following experimental transient occlusion of the MCA. Bax translocation has also been reported in both rats (Cao et al., 2001 ) and mice (Gao et al., 2005) using this model. These studies provide a backdrop for the present observation that Bax conformational change (6A7 reactivity) and nucleophosmin translocation were detected but no Bax translocation was evident in the ischaemic cortex at a time point before the development of a visible lesion (3 h post insult). Taken together, these data suggest a role for nucleophosmin in the regulation of Bax both in vitro and in vivo and as such it represents a novel therapeutic target for the numerous diseases associated with dysregulated apoptosis. 
Materials and methods
Cell culture SH-SY5Y cells were grown and apoptosis induced (500 nM staurosporine, 0-5 h) as described (Birse-Archbold et al., 2005) .
Affinity chromatography and mass spectrometry
Columns of biotinylated peptides corresponding to the Cterminal 21 amino acids of WT (biotin-TVTIFVAGVLTASL-TIWKKMG) and S184V mutant (biotin-TVTIFVAGVL-TAVLTIWKKMG) Bax (CSS-Albachem, Gladsmuir, East Lothian, UK) coupled to NeutrAvidin-agarose beads (Pierce, Cramlington, UK) were equilibrated in a mobile phase of 10 mM piperazine-N,N 0 -bis[2-ethanesulphonic acid], 150 mM NaCl and 1% Tween (pH 6.5). Affinity chromatography was performed using SH-SY5Y cell lysates (2-5 mg total protein). Specifically bound proteins were eluted using 100 mM glycine (pH 2) (1 ml), separated by Tris/Glycine PAGE (Invitrogen, Paisley, UK) and visualized using a mass spectrometrycompatible silver stain. Protein bands were excised and digested according to Shevchenko et al. (1996) , with some modifications. Mass spectra were collected using a Voyager-DE STR MALDI-TOF (Applied Biosystems, Warrington, UK) and the peptide masses were used to interrogate the SwissProt database using MS-Fit (http://prospector.ucsf.edu/ ucsfhtml4.0/msfit.htm).
Protein expression cDNAs encoding human Bax and nucleophosmin (Invitrogen) were subcloned into pcDNA3.1( þ ) and pCRT7/NT-TOPO (both Invitrogen) and expressed in BL21 cells (Invitrogen) or in vitro (transcribed and translated protein, TNT, Promega, Southampton, UK) using standard molecular procedures.
Immunoprecipitation and Western blotting
Immunoprecipitation was performed using antibodies against Bax (BaxNT, 6 mg/mg protein; Upstate, Chandlers Ford, UK; and 6A7, 5/200 mg protein; BD Biosciences, Oxford, UK), nucleophosmin (5 mg/mg protein; Cell Signaling Technology, Hitchin, UK) and survival motor neuron protein (SMN, 5 mg/ mg protein; BD Biosciences). Complexes were isolated with protein G-conjugated paramagnetic dynabeads (Dynal Biotech, Paisley, UK) and analysed by Western blotting using Bax (BaxNT, 1/2000; Upstate), nucleophosmin (1/1000; Sigma, Poole, UK) and growth factor receptor-bound protein 2 (GRB2, 1/5000; BD Biosciences) antibodies.
Proximity assay
AlphaScreen technology (Amplified Luminescent Proximity Homogeneous Assay, Perkin-Elmer, Beaconsfield, UK) was used to measure complex formation between Bax and nucleophosmin following the manufacturer's instructions. Studies were performed using 384-well white polystyrene proxiplates (Perkin-Elmer). In vitro expressed recombinant nucleophosmin was attached to AlphaScreen acceptor beads via a nucleophosmin monoclonal antibody (Sigma), which was directly conjugated to the acceptor beads using standard amination according to the manufacturer's protocol. Biotinlabelled S184V Bax C-terminal peptide (CSS-Albachem) was attached to streptavidin donor beads. The AlphaScreen assay contained 20 mg/ml of nucleophosmin antibody-conjugated acceptor beads, 20 mg/ml of streptavidin-coated donor beads and serial dilutions of S184V peptide (starting concentration 1 mg/ml) and nucleophosmin protein (2.5 mg/ml; each prepared in 150 mM NaCl, 10 mM N-2-hydroxyethylpiperazine-N 0 -2-ethanesulphonic acid-potassium hydroxide (HEPES-KOH) (pH 7.4), 0.1% NP-40, 0.01% bovine serum albumin (BSA)). Competition assays were performed using antibodies directed against the C terminus (1D3; Abcam, Cambridge, UK, product number ab16910) or N terminus (1-21aa; Upstate) of Bax and titrations of each antibody ranging from 10 to 0.01 nM were pre-incubated (1 h) with 10 nM Hisnucleophosmin and 75 nM Bax C-terminal peptide before analysis using an Envision Xcite multilabel reader (PerkinElmer). The interaction between full-length Bax and nucleophosmin was examined using recombinant Bax (Expressway in vitro expression system; Invitrogen), which was biotinylated (ProtOn Biotin labelling Kit; Vector Laboratories, Peterborough, UK) to enable attachment to the streptavidin donor beads. The proximity assay was performed as above using 3.7 nM Bax and 5.7 nM nucleophosmin incubated in buffer (150 mM NaCl, 10 mM HEPES-KOH (pH 7.4), 0.01% BSA) containing 0. Cytochrome c ELISA Cells were lysed (1 h) using 3.125 mM digitonin (which selectively lyses the plasma membrane allowing the release of cytoplasmic contents; Kirchhoff et al. (2002) in 40 mM HEPES (pH 7.4), 140 mM KCl, 20 mM NaCl, 5 mM MgCl 2 , 1mM ethyleneglycol tetracetate (EGTA), 10 mg/ml each of aprotinin, pepstatin and leupeptin or using the same buffer containing 1% CHAPS (to rupture all cell membranes). Following centrifugation (13 000 r.p.m., 5 min), the cytochrome c contents of the resulting supernatants were measured by enzymelinked immunosorbent assay (ELISA) (Bender MedSystems, Botolph, Clayton, UK). Cytosolic cytochrome c (digitonin buffer) was measured as a percentage of total cellular cytochrome c (CHAPS buffer).
Caspase-3 ELISA Human active caspase-3 was detected by ELISA (BD Biosciences) as described previously (Kerr et al., 2004a) .
Confocal microscopy SH-SY5Y cells were seeded in glass-bottomed poly-L-lysinecoated Petri dishes (Willco Wells, 500 cells/35/22 mm diameter dish/glass) and allowed to attach overnight. Following induction of apoptosis, cells were fixed and stained with nucleophosmin antibody (B23, 1/200 in block solution; Sigma) and Bax antibody (Bax NT, 1:200 in phosphate-buffered saline; Upstate) according to the manufacturer's protocols. Bound antibodies were detected using AlexaFluor546-or AlexaFluor488-labelled goat anti-mouse or anti-rabbit immunoglobulin (3 mg/ml, 2 h; both Molecular Probes, Paisley, UK) and visualized using confocal microscopy (Radiance 2000 microscope and LaserSharp 2000 software; both BioRad, Hemel Hempstead, UK).
shRNA knockdown Nucleophosmin expression was knocked down using shRNA (pSilencer3.1-H1 hygro, Ambion, Huntingdon, UK) according to the manufacturer's instructions. Target sequences were nucleotides 182-202 (AAGCAGAGGCAATGAATTACG), 362-382 (AAGATGCAGAGTCAGAAGATG), 470-490 (AACTTGCTGCTGATGAAGATG) and 716-736 (AAG-GACCTAGTTCTGTAGAAG) of human nucleophosmin. Cells were plated (1 Â 10 5 cells/well) in 24-well culture dishes and transfected 24 h later with plasmid DNA (1 mg) using Lipofectamine 2000 (2 ml; Invitrogen). After a further 24 h, apoptosis was induced (500 nM staurosporine, 4 h) before analysis by Western blot or ELISA.
Cerebral ischaemia and subcellular fractionation Animal work was performed under licence by the UK Home Office and subject to the Animal (Scientific Procedures) Act of 1986. Monofilament occlusion of the MCA was performed in adult male mice (25-30 g, approximately 10-12 weeks) as described previously (Kerr et al., 2004b) . Animals were subjected to 30 min of ischaemia and killed at 3, 6, 12 and 24 h by trans-cardiac perfusion with 4% paraformaldehyde under deep anaesthesia (pentobarbitone, 60 mg/kg intraperitoneally). Brain damage was assessed in thionin-stained coronal brain sections by light microscopy. Samples were maintained at 41C throughout the extraction procedure. For immunoprecipitation studies, the ipsilateral striatum and MCA territory cortex were homogenized in ice-cold buffer (150 mM NaCl, 10 mM HEPES-KOH (pH 7.6), 1% CHAPS, 1 mM phenylmethylsulphonyl fluoride (PMSF), 10 mg/ml each aprotinin, pepstatin A, leupeptin). For subcellular fractionations studies, nuclear, mitochondrial and cytosolic fractions were isolated from mouse brain by differential centrifugation. The ipsilateral MCA territory cortex was dissected out, weighed, minced and placed in 40 ml ice-cold extraction buffer (EB; 10 mM HEPES-KOH (pH 8.0), 0.32 M sucrose, 1 mM EGTA, 25 mM KCl, 5 mM MgCl 2 , 0.1 mM dithiothreitol (DTT), 1 mM DNase I, 1 mM PMSF, 10 mg/ml each aprotinin, pepstatin A, leupeptin). Homogenates were prepared (six animals, 240 ml/treatment group) then passed through gauze (125 mm clearance). The crude nuclear pellet was isolated by centrifugation (600 g, 10 min), re-suspended in EB and centrifuged (600 g, 5 min) to pellet unbroken cells. The crude nuclear fraction was collected by centrifugation (600 g, 10 min), re-suspended in 3 ml nuclear buffer 1 (NE1; 0.25 M sucrose, 10 mM MgCl 2 ), layered over 3 ml NE2 (0.35 M sucrose, 0.5 mM MgCl 2 ) and centrifuged (1450 g, 5 min). The creamy layer of the pellet was re-suspended in 50 ml EB containing 2% CHAPS and retained as the nuclear fraction.
The supernatant from the initial centrifugation step (600 g, 10 min) was homogenized using 15 'tight' up/down strokes and centrifuged (10 000 g, 30 min). The crude mitochondrial (pellet) fraction was washed twice in EB (10 000 g, 30 min), resuspended in 50 ml EB containing 2% CHAPS and centrifuged (600 g, 10 min) to pellet out insoluble material. The crude cytosolic (supernatant) fraction was centrifuged (10 000 g, 30 min) to pellet out residual mitochondria and the supernatant centrifuged (100 000 g, 1 h). The resulting supernatant (B200 ml) was retained as the soluble cytosolic (S100) fraction.
The total protein contents of each subcellular fraction were determined (bicinchoninic acid protein assay; Pierce) and analysed by Western blot (20 mg/lane). The marker proteins cjun (nuclear; BD Biosciences), voltage-dependent anion channel (mitochondrial; Oncogene, Nottingham, UK) and cleaved caspase-3 (cytosolic; Cell Signaling Technologies) were used to confirm fraction purity and equal loading. Gel analysis was performed using FluorChem image analyser software (AlphaInnotech, Braintree, UK). Cytosolic, mitochondrial and nuclear fractions (20 mg protein) from each treatment group (sham and ischaemic) were loaded on each gel. Values obtained for each immunoreactive band were normalized against the loading control for each fraction then used to calculate the total value in six-pooled brains (e.g. 2 ml mitochondrial sample loaded on gel from total 50 ml starting material; multiply value by 25). The fold change in nucleophosmin and Bax expression between different fractions was calculated and relative changes in the subcellular distribution of each protein assessed between treatment groups.
